Mechanical strength and biocompatibility are considered the main prerequisites for materials in total hip replacement (THR) or joint prosthesis. Non-invasive surgical procedures are necessary to monitor the performance of a medical device in vivo after implantation. To this aim, 
INTRODUCTION
The ZrO2-SiO2 binary oxide system has been proposed as a new class of synthetic substitute material suitable for hard tissue replacements because of its appropriate mechanical strength and biocompatibility. 1 The rationale for choosing this specific combination is based on the following reasoning. ZrO2 is a well-established bio-inert ceramic that has many years of commercial application because of its superior mechanical properties. However, the failure of ZrO2 implants caused by the slow degradation of the toughening tetragonal zirconia (t-ZrO2) phase to monoclinic zirconia (m-ZrO2) in vivo after implantation has been reported. 2 SiO2 as one of the prime component in bioactive glasses has been known to elicit a biocompatible response that promotes host-implant interaction by forming a hydroxyl carbonate apatite layer during in vivo exposure. SiO2 is also employed to stabilize t-ZrO2, in preference to the other two polymorphs namely mZrO2 and cubic (c-ZrO2). 4 It has also been reported that the presence of SiO2 as an amorphous matrix in ZrO2-SiO2 systems may help prevent the unwanted t- m-ZrO2 transition during accelerated leach tests. 5 Nevertheless, the partial transformation of t- m-ZrO2 in the ZrO2-SiO2 system beyond 1100 °C limits the densification of sintered specimens and leads to mechanical properties inferior to yttria stabilized t-ZrO2 polycrystals (Y-TZP).
There is an interest in developing biomaterials for bone implant applications that can be monitored non-invasively in vivo through advanced imaging methods, while retaining adequate levels of mechanical strength and biocompatibility. This has led to large numbers of studies that have reported on the introduction of rare earth oxides into biomaterials. [6] [7] [8] [9] Moreover, the ability of rare earth metal oxides to stabilise the t-ZrO2 polymorph at high temperatures might improve the sinterability of the ZrO2-SiO2 system. This has been investigated in previous works by the authors in which the influence of individual additions of La 3+ (LZS), Gd 3+ (GZS), Dy 3+ (DZS) and Ce
4+
(CZS) to the ZrO2-SiO2 system have been reported. [10] [11] [12] [13] La 3+ additions stabilizes the t-ZrO2 polymorph up to 1000 °C, whereas Gd 3+ induces a phase transition from t- c-ZrO2 that is dependent on Gd 3+ content and moreover the structural stability of c-ZrO2 is retained beyond 1100
°C. The addition of Ce 4+ up to a certain concentration preserves t-ZrO2 to 1300 °C by occupying the lattice sites of ZrO2, while its further addition yields c-CeO2 alongside t-ZrO2. 12 In contrast, Dy 3+ additions stabilizes t-ZrO2 to 1400 °C with additions up to 50 wt. % concentration without formation of additional phases. 13 The current study investigates the simultaneous addition of both Gd 3+ and Dy 3+ to the ZrO2-SiO2 system using an in-situ sol-gel synthesis method. Among the lanthanides, Gd 3+ based complexes are commercially employed as positive (T1) MRI contrast agents owing to the unique magnetic properties conferred by its seven unpaired 4f electrons. 14 Dy 3+ , with a high magnetic moment of 10.2 μB and asymmetric electronic ground state of 6 H15/2, enunciates enhanced transverse relaxivity at high magnetic fields, which makes them suitable for use as negative (T2) MRI contrast agents. 15 The contrast nature of Dy 3+ doped ZrO2-SiO2 system has been previously reported by the authors. 13 Furthermore, the high atomic number and K-edge energy values of Z = 66 and 53.8 keV respective of Dy 3+ ensures a high X-ray attenuation coefficient of 3.36 cm 2 .g -1 at 100 keV and hence it is also employed as a X-Ray computed tomography (CT) contrast agent. 16 Thus this study explores the simultaneous additions of Gd 3+ and Dy 3+ to the ZrO2-SiO2 system followed by a systematic characterisation of the structural behaviour, resulting mechanical properties and multi-modal imaging features.
MATERIALS AND METHODS

Powder synthesis
The sol-gel technique was used to prepare Gd 3+ and Dy 3+ doped ZrO2-SiO2 (GDZS) binary oxides.
Pure ZrO2-SiO2 (PZS) without any additions of Gd 3+ and Dy 3+ content was also prepared by using the same technique for comparative purposes. The precursors used for the synthesis were Gd(NO3)3, Dy(NO3)3, ZrOCl2 and (C2H5O)4Si, purchased from Sigma-Aldrich, Bangalore, India.
An equal molar ratio of ZrOCl2 and (C2H5)4OSi was maintained for all the synthesis whereas varied molar concentrations of Gd(NO3)3 and Dy(NO3)3 were added with respect to the concentrations of ZrOCl2 and (C2H5O)4Si. Table 1 presents the concentrations of the compositions synthesized and their respective sample codes.
The synthetic procedure is briefly explained as follows. Initially (C2H5)4OSi was added to the required amount of ethanol and stirred vigorously at room temperature. Separately prepared individual stock solutions of Gd(NO3)3, Dy(NO3)3 and ZrOCl2 were added to this mixture and stirred at 80 °C for 30 minutes; then, 0.1 M of HNO3 was added as a catalyst. The resultant homogeneous solution was stirred to yield a wet gel and dried at 120 °C for 24 hours to remove the excess water content. The dried gel was ground to a fine powder and subsequently characterized.
Powder characterization
The synthesized powders were heat treated at different temperatures in a muffle furnace for 4 hours and their phase behaviour was analysed by X-ray diffraction (XRD) (Ultima IV, Rigaku, Tokyo, Japan) with Cu Kα radiation (λ= 0.15406 nm) produced at 40 kV and 30 mA, scanning the diffraction angles (2θ) between 10 and 70° with a step size of 0.02° at 2θ s -1 . 19 Wyckoff, 20 Hazen et.al., 21 and Dera et al., 22 (American Mineralogist crystal structure database) respectively. The protocol for the structure refinement was performed in accordance with the authors' previous report. 
Mechanical evaluation
The hardness and elastic modulus of the PZS and GDZS samples were determined at room temperature by nanoindentation using a CETR Apex indenter (Bruker, Billerica, USA). For this purpose, the volatile impurities of the as-dried powders were removed by calcining at 700 °C and then milled for 2 hours in a planetary ball mill (Retsch, Haan, Germany). The resultant powders were pressed into circular pellets with 13 mm diameter and 1 mm thickness using a semiautomatic hydraulic press machine (Kimaya Engineers, Thane, India) under an applied load of 10 kN for 60 s. The resulting pellets were heat treated at specific temperatures for 4 hours followed by diamond polishing prior to mechanical testing. The pellets were analysed for their surface morphological features prior to diamond polishing using FE-SEM (Quanta TM FE 250, FEI)., Nanoindentation was performed using a Berkovich indenter tip with a radius of 50 nm at an applied load of 100 mN. A conventional depth-sensing procedure was carried out to acquire mechanical data with a cycle consisting of a loading segment, dwell time at maximum load and an unloading segment. Data was analysed in accordance with the procedures described in ISO 14577. 23 A single indent mode with 10 indents per pellet at random locations was systematically performed for all the pellets. Density measurements were carried out using Archimedes method and fracture toughness tests were performed using micro-indentation (microtest, MTR3/50-50/NI, Madrid, Spain). Indentation was performed at five different locations on the specimen surface with an applied load of 40 N using a Vickers indenter tip. Fracture toughness was calculated using the following relation as given below. 24, 25 = 0.0824(
where is the fracture toughness, P is the applied load and c is the indentation induced crack length.
In vitro MR imaging
Siemens Magnetom Avanto 1.5 Tesla MRI scanner was used to determine the T1 and T2 relaxivity of the GDZS-50 sample. The relaxivity values were quantified from the in vitro phantom images obtained from GDZS-50 at different Gd 3+ and Dy 3+ concentrations. Matlab, (The Mathworks Inc., MA, USA) software was used to calculate the relaxation rate maps by fitting all the corresponding curves. T1 mapping was obtained by setting the following parameters: a fast spin echo (FSE)
sequence with an echo train length = 16, repetition time (TR) = 3000 ms, matrix size = 512 × 512, slice thickness = 5 mm, and number of slices = 1. Similarly T2 mapping was carried out using the following parameters: echo time (TE) = 22 to 352 ms (difference = 22 ms) and images = 16. The resultant images were used to determine the T1 and T2 relaxation times. 
In vitro CT imaging
To analyse CT contrast effectiveness, various concentrations of GDZS-50 samples (0, 1.25, 2.5, 5, 10 mg/mL) were evenly dispersed in aqueous solution in 5 mL tubes and images were acquired using a multislice spiral CT system (GE HISPEED CT/e, GE Healthcare, Chicago, IL, USA).
Imaging parameters were set as follows: thickness of 0.9 mm at120 KVp and160 mA, Field of view (FOV) of 54.07 mm 9146.00 mm and an exposure time of 800 ms/rotation. Kodak Molecular
Imaging Software (Eastman KODAK Company, Rochester, NY, USA) was used for the analysis of Phantom CT images and the GE HISPEED CT software was used to measure the Hounsfield Unit (HU) values.
2.6
In vitro cellular studies
The methodology of MTT assay, live/dead cell analysis, ALP activity tests and RT-PCR are presented in Supplementary information.
RESULTS
XRD analysis
The experimental results from our previous studies confirms that the PZS system contains t-ZrO2 as a unique component at 1100 °C and this undergoes partial degradation to m-ZrO2 at 1200 °C (supplementary information Figure S1 ). The XRD patterns obtained from the GDZS samples 
Transmission electron microscopy
TEM micrographs for GDZS-50 at 1400 ºC are displayed in 
Quantitative analysis
The phase fractions and lattice parameters determined from Rietveld refinement are presented in Table 2 . It is also apparent that a critical amount of 20 wt. % Gd 3+ and Dy 3+ combination is sufficient to ensure a = b-axis expansion to accomplish the t- c-ZrO2 transition.
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The presence of c-SiO2 and m-ZrO2 alongside dominant t-ZrO2 was determined from the refined data at 1300 °C for GDZS-5, GDZS-10 and GDZS 20. This indicates that heat treatment is an important factor for the crystallization of c-SiO2 and the t-ZrO2  m-ZrO2 transition, which may be associated with the lattice expansion of t-ZrO2 and transformation on cooling.
However, the absence of m-ZrO2 in GDZS-30 and GDZS-50 at 1300 °C confirms that the crystallization of c-ZrO2 in a ZrO2-SiO2 system is highly stable and does not undergo transformation to t-ZrO2 or m-ZrO2 on cooling. Further thermal treatment to higher temperatures triggers the reaction amongst ZrO2 and amorphous SiO2 to yield ZrSiO4 and this is confirmed from the refined data at 1400 °C. The enhanced ZrSiO4 crystallization is found in t-ZrO2 stabilized GDZS systems whereas the delayed ZrSiO4 crystallization is detected in c-ZrO2 stabilized GDZS systems. Moreover, there is a decline in ZrSiO4 formation with increasing Gd 3+ and Dy 3+ additions and there is a complete absence of ZrSiO4 in GDZS-50. However, the absence of any significant trend for the phase content of c-SiO2 in the GDZS systems suggests that c-SiO2 crystallization is an independent phenomenon that is not influenced by the formation of ZrO2 polymorphs present in the ZrO2-SiO2 system.
Morphological analysis
Secondary electron (SE) micrographs (Figures 6a, 6b and 6c) indicate the widespread distribution of crystalline ZrO2 particles throughout the intermittently aligned non-crystalline phase and these particles are found vary in size and shape. However, close observation shows that the particles are embedded in a matrix like structure. The EDX spectrum obtained from spot analysis for the grain indicated by a cross in Figure 6c shows the presence of Gd, Dy, Zr and O elements in significant quantity, which confirms that the embedded grains are ZrO2 and the matrix is amorphous SiO2.
Moreover, the presence of Gd and Dy elements in equal proportion affirms their respective 12 addition as precursors during the synthesis. These observations exhibit good corroboration with the elemental analysis determined from TEM. Table 3 illustrates the density and mechanical data of PZS system at 1100 °C and GDZS-50 at 1400 °C. Five different measurements were performed to obtain the mean value and standard deviation of density and fracture toughness. The elastic modulus and hardness data were derived from ten different indents at random locations. The load vs. depth nanoindentation profiles of GDZS-50 ( Figure 7 ) were found to be highly uniform and consistent. The mechanical data recorded for the PZS is found lower than the reported values available in the literature 30, 31 and this is believed to be a consequence of the high SiO2 content, inadequate densification due to the low temperature sintering (1100 °C) and the employed synthetic conditions. The presence of This suggests that Gd 3+ and Dy 3+ additions induce improved phase stability of GDZS-50 at elevated heat treatment that results in better densification and superior mechanical properties.
Mechanical behaviour
MRI and CT imaging characteristics
The room temperature magnetization curves of the GDZS system are shown in Figure 9 and 
Cytotoxicity Tests
The results from the cytotoxicity tests (Figure 13 ) revealed the absence of significant toxicity upon the treatment of PZS and GDZS-5 samples up to 200 µg/ml of concentration. We observed a marginal reduction in the cell viability upon the treatment of GDZS-10 and GDZS-20 samples.
In case of higher Gd However, the ALP expression is reduced by 10 % and 24 % in the cells which were treated with GDZS-30 and GDZS-50 samples respectively (Figure 16 ).
DISCUSSION
The results from XRD and Raman data establish the combined influence of Gd 3+ and Dy enhanced kinetics between t-ZrO2 and amorphous SiO2 rather than the slow kinetics that occurs between amorphous ZrO2 and amorphous SiO2 in the ZrO2-SiO2 system. at the t-ZrO2 lattice until 20 wt. % additions in CZS system. Beyond this limit, the excess Ce 4+ is rejected from the ZrO2 lattice and individually precipitates as c-CeO2 at ambient conditions. Gd Nonetheless, the predominant presence of ZrSiO4 at 1200 °C for low Gd 3+ additions and its reduced existence for higher Gd 3+ additions infers that c-ZrO2 is less reactive with SiO2 in comparison with t-ZrO2. In the case of the DZS system, the ZrO2 lattice prefers to host a maximum of 50 wt. % Dy 3+ ions, which is mainly due to the lower ionic radius of Dy 3+ (0.91Å) compared with other investigated rare earth elements. This hypothesis is confirmed from the quantitative analysis results in which a continuous expansion of the t-ZrO2 lattice and its associated t- cZrO2 transition is witnessed in DZS systems. It is worth noting that c-ZrO2 experiences higher lattice expansion in GZS system rather than DZS systems.
In the present GDZS system, the combined size effect of Gd 3+ and Dy 3+ [(0.94+0.91)/2 = 0.925 Å] is less than Gd 3+ and this facilitates their excess accommodation in the ZrO2 lattice and as a consequence the maximum lattice expansion of c-ZrO2 is determined for GDZS-50, which remains stable until 1400 °C devoid of ZrSiO4 formation that was encountered previously in the GZS system. Therefore, the ionic radii of dopants, quantity of the dopant concentration and associated lattice expansion are all factors that determine the t- c-ZrO2 transition and the resultant structural stability of c-ZrO2. Consequently, the enhanced reaction kinetics with respect to temperature created by the Gd 3+ and Dy 3+ combinations that induce t- c-ZrO2 transitions in GDZS system suppresses the crystallization of amorphous SiO2 even at 1400 °C. Moreover, the preservation of SiO2 in amorphous state is highly beneficial for bone implant applications. 29 The SEM studies also reveal the embeddingt of crystalline ZrO2 grains throughout the glassy SiO2 matrix that yields enhanced mechanical properties. The mechanical features of GDZS-50 are thus superior to the DZS and CZS systems. Also, the elastic modulus of GDZS-50 is 23 % higher than Y-TZP and exhibit good matches with the zirconia toughened alumina (ZTA) system whose elastic modulus is reported in the range of 280-300 GPa. [32] [33] [34] The fracture toughness of GDZS-50 is higher than alumina ceramics and marginally lower than Y-TZP. 3 It is worth noting that GDZS-50 yields superior mechanical properties even in the presence of amorphous SiO2 whose concentration is equivalent to the molecular ratio of ZrO2. The mechanism behind the enhancement in density and mechanical data is attributed to the improved densification of amorphous SiO2 matrix and its reinforcement by the highly crystalline ZrO2 grains.
The presence of Gd 3+ in GDZS-50 enhances the T1 weighted MRI contrast ability and in addition the presence of Dy 3+ in GDZS-50 yields both significant T2 MRI and CT contrast ability that is 
CONCLUSIONS
The t- c-ZrO2 transition in ZrO2-SiO2 system with respect to increased Gd 3+ and Dy 3+ additions is accompanied by their incorporation at the ZrO2 lattice sites. The phase stability of c-ZrO2 is retained till 1400 °C for the maximum Gd 3+ and Dy 3+ co-substitutions in ZrO2-SiO2 systems and this effect is reflected in the resulting highly crystalline and dense material. The Gd 3+ and Dy Tables   Table 1  Precursor 
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Figure 5a
Refined powder diffraction patterns for GDZS-5 at 1200 °C. 
